Abstract: This article presents the results of the thermal analysis of dried colloidal solutions based on zinc nitrate with changes in tetraethoxysilane (TEOS) content. The main stages of the thermal decomposition of the dried sols were established and the activation energies of each stage were determined based on the results of thermogravimetric measurements using the Erofeev-Kolmogorov approach. For each stage, the products of thermal destruction in the gas phase were determined by mass-spectrometry. It was shown that the chemical decomposition in all samples started at a temperature above 200°C, and the temperature of zinc hydroxonitrate decomposition increased with increasing TEOS content in the ash, while the activation energy of that process decreased. X-ray diffraction analysis revealed that the thermal decomposition of dried sols at 600°C resulted in the formation of mixtures of ZnO in hexagonal syngony with amorphous SiO2 in amounts from 10 to 50 wt%.
based on these systems are widely used in various industries ranging from optical and protective coatings, to sorbents, catalysts, and solar cells [1] [2] [3] [4] . Up-to-date approaches and methods enable the development of new methods of production and reveal new applications for the seemingly thoroughly studied materials. One of the values of modern research is the deepening of knowledge in the field of targeted materials synthesis, allowing the properties of materials to be set with high accuracy. The key to the successful control and tuning of targeted synthesis is a precise understanding of the processes that take place during the formation of the materials. Nonisothermal research methods are widely used to study the thermal decomposition of solid-phase systems [5] [6] [7] . Thermal analysis is an accurate method for studying solidphase reactions and the thermal stability of materials under various atmospheres. The modern possibility of processing an array of thermal analysis data, using classical principles and assumptions, allows us to make more accurate and valid conclusions on the processes of thermal production. One such approach is the analysis of the temperature dependence of the energy state of the system.
Reactions involving solids belong to a special class of topochemical processes characterized by the localization of the reaction zone at the interface between the solid reagent and the reaction product. The topochemical decomposition of solids proceeds at a rate that varies in time in a rather complicated manner. The character of the isothermal kinetic curve of the topochemical process is determined by the features of the formation process of solid product nuclei, the change in the magnitude of the reaction surface, the effect of diffusion inhibition, the change in the concentration of reagents and reaction products, and other factors [7] [8] [9] . Understanding the topochemical processes taking place in the production of oxide systems from colloidal sol-gel solutions is a complex
Introduction
A large number of research groups have studied complex oxide systems based on d-metals and silicon for several decades. Due to their multifunctionality, the materials
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Methods
Thermal analysis of the sols dried at 60°C was performed on an STA 449C Jupiter synchronous thermal analyzer (Netzsch) coupled with a QMS 403C Aёolos mass spectrometer (Netzsch) in the temperature range of 20-900°C with a heating rate of 10°C/min. The data were obtained with correction for the blank measurement. Heating was performed in corundum crucibles in air. Kinetic parameters were determined on the basis of the methods presented in the literature [8, [23] [24] .
The number of stages of the decomposition process was determined using the Erofeev-Kolmogorov approach, which is proposed specifically for processes that occur with a rate increase: ln (- 
, where α is the fraction of the reacted substance at τ time, Ea is the activation energy of the process, Tm is the temperature of the maximum reaction rate, Ti is the current temperature, R is the universal gas constant, m is the kinetic parameter, and αm is the fraction of the reacted substance at the point of maximum reaction rate. Since the temperature effect of the m•ln(Ti/Tm) term can be neglected for the decomposition process in a sufficiently narrow temperature interval, the activation energy was determined from the tangent to the slope of the straight sections of the plot of ln(-ln α) versus (Ti-Tm)/Tm•Ti based on the analysis of the initial thermogram.
The accuracy of calculating the kinetic parameters by the described method is usually reduced because of the various assumptions and approximations introduced in the derivation of the Erofeev-Kolmogorov equation, and because of the error resulting from graphical processing of the curves. Researcher error can arise at the stage of revealing the bends of the straight sections of the graph and correlating these sections to the processes determined by differential TG and DSC curves. These errors can be reduced by narrowing the intervals of the dependence of ln(-lnα) on (Ti-Tm)/Tm•Ti, used in calculating the activation energy by the graphic method. In the ideal case, the stationary state of the process at each measurement point should be considered. The method of studying the processes of thermal destruction of solid-phase systems proposed in this paper is based precisely on fixing the energy state of a solid-phase system in a narrow range of experimental values. Plotting the temperature dependence of the obtained values of the activation energy gives information on the change in the energy state of the system. X-ray diffraction (XRD) analysis of the ZnO-SiO 2 samples was performed on a Rigaku Miniflex 600 diffractometer (Japan) using CuKα radiation in the range and important task. The relevance of research in this area is determined not only by the need to establish energy (economic) advantageous technological regimes for the production of oxides, but also by the need to control and regulate the processes of their production. An example is dried colloidal solutions based on zinc nitrate and tetraethoxysilane (TEOS) which are used to produce both thin-film and dispersed materials based on ZnO, and ZnO in the SiO 2 matrix [10, 11] . Zinc oxide, as well as mixtures of ZnO and SiO 2 , are planar periodically polarized structures [12, 13] , exhibit sorption and luminescent properties [14] [15] [16] [17] , and photocatalytic and antibacterial activity [18] [19] [20] [21] [22] .
According to sol-gel technology, oxide systems are formed after thermal treatment of the colloidal solution. Currently, there is no literature data on the processes leading to the production of ZnO-SiO 2 from a sol based on zinc nitrate and TEOS. Synchronous thermal analysis combining thermogravimetry (TG) and differential scanning calorimetry (DSC) allows the simultaneous monitoring of changes in the heat flux and weight of a sample, as functions of temperature, under a controlled atmosphere; however, it is not possible to unambiguously interpret the nature of the decomposition of such mixtures from the thermograms due to the occurrence of, not only successive, but also parallel reactions. Therefore, there is a need to find new approaches to processing the results of thermal analysis. The purpose of this work is to establish and quantitatively describe the processes of thermal destruction of dried colloidal solutions based on zinc nitrate with various TEOS concentrations by analyzing the temperature dependence of the activation energies characterizing the ZnO-SiO 2 destruction reactions.
Experimental

Chemicals and synthesis
All reagents: 96 wt% ethanol (Reakhim, Russia), crystalline hydrate of zinc nitrate (99% purity, Reakhim, Russia) and TEOS (99% purity, Aldrich, China) were used without further purification.
Colloidal solutions were prepared by dissolving a Zn(NO 3 ) 2 •6H 2 O salt in ethanol and TEOS in an amount required to produce systems of oxides with SiO 2 contents of 10 to 50 wt% while maintaining the total concentration of the salts in solution (0.3 mol/L). The prepared solutions were dried at 60°C to obtain sols that were further used for thermal analysis. ZnO-SiO 2 powders for phase analysis were obtained by calcination of the dried sols at 600°C. The occurrence of parallel reactions at higher temperatures is also confirmed when comparing the DSC curves for the thermal destruction of the same colloidal solutions. It can be seen from Fig. 2 that the decomposition of all dried sols is accompanied by four endothermic effects in the temperature range of 50-350°C and one exothermic effect at 750-800°C. Therefore, there are similar processes occurring in the solution when the TEOS content changes, but they are not always visible on a TG curve. To interpret the results, a comparative analysis of the temperature dependence of the energy state of the systems was performed (Fig. 3) as well as the analysis of the graphs of the mass-thermograms of the studied sols (Fig. 4) . The nature of the change in the activation energy upon heating of the dried sols indicates that the most informative temperature range is the region from 50 to 500°C. As can be seen from Fig. 3 , the activation energy characterizing the decomposition processes of dried sols with various of 2-90° (2θ) with a step of 0.02° and a shooting rate of 2 deg/min. The identification of the diffraction peaks was performed using the JCPDS database. The average size of the coherent scattering region, used further for the crystallite size estimation, was calculated by the Scherrer equation: d = K·λ/(β·cosθ), where d is the average crystal size, K is the dimensionless particle shape factor (Scherrer constant), λ is the wavelength of X-ray radiation, β is the width of the reflex at half-height (in units of 2θ), and θ is the Bragg angle.
Results and discussion
Since both ethanol and zinc nitrate contain water, the following hydrolysis reactions are taking place during sol preparation: In order to remove ethanol, water, and nitric acid (the product of hydrolysis), the resulting sols were kept at room temperature for 24 h then dried at 60°C. According to the literature [25] , the dried sols represent a mixture of hydrolyzed metal salts distributed in a spatial grid formed by TEOS. In the present work, a comparative interpretation of processes occurring as a result of the thermal treatment of dried sols of various compositions will be performed using thermal analysis. Fig. 1 presents the TG curves for the decomposition of dried sols 1, 2, and 3 used to prepare ZnO-SiO 2 oxide systems containing 10, 30, and 50 wt% SiO 2 , respectively. The curves of the change in mass with increasing temperature show that an increase of TEOS content in the ash leads to a decrease in the number of stages. For sols 1 and 2, two stages of thermal decomposition are observed on the TG curves. The thermal decomposition of the dried sol 3 is accompanied by a single stage. This may indicate the occurrence of parallel reactions at temperatures above 200°C.
Above 200°C, chemical reactions begin to take place in the samples, characterized by activation energies above 20 kJ/mol. With the increase in the content of zinc nitrate in the ashes, the activation energy of the decomposition process at 200-300°C increases. As can be seen from Fig. 3 , the activation energy for the sol used for the production of ZnO-SiO 2 films with 10 wt% SiO 2 reaches 163 kJ/mol at 285°C, and for the sol used to obtain ZnO-SiO 2 films with zinc nitrate and TEOS contents does not exceed 20 kJ/mol in the temperature range of 50-200°C, which indicates the desorption of physically bound molecules. According to mass-thermograms in this temperature range, water is present in the gas phase for all the samples (m/z = 18) indicating that the sols after heat treatment at 60°C are not completely dry. In the same temperature range, the removal of carbon dioxide (m/z = 44) and nitrogen oxides (m/z = 46, 30) is observed. Carbon dioxide was likely adsorbed from the air, and nitrogen oxides were formed as a result of the decomposition of nitric acid during the drying of the sols. As can be seen from Fig. 3 , an small increase in the activation energy from 14 to 17 kJ/mol is observed with an increase in the TEOS content in the system in the temperature range from 110 to 150°C. The maximum activation energy for all the samples in this temperature range (110-150°C) is at 140°C. The higher the silicon content, the earlier the process starts. A sample with a lower TEOS content has a shift of the maximum toward higher temperatures, which may be due to the morphology of the samples formed at the synthesis. The analysis of the XRD data showed that the thermal treatment of the sols of the studied compositions led to the formation of mixtures of ZnO in hexagonal syngony with amorphous SiO 2 (Fig. 5) Intensity, a.u.
Intensity, a.u.
2θ, 
Conclusions
In the present work, the thermal properties of dried sols based on ethanol, zinc nitrate, and TEOS were studied. It was shown that an increase in the content of TEOS in the ash after thermal treatment at 600°C led to the formation of a ZnO-SiO 2 mixture with a lower degree of crystallinity, as well as to a shift in the decomposition temperature of zinc hydroxonitrate in the dried ash. These facts were explained by the change in the activation energy of the 30 wt% SiO 2 it is 59.5 kJ/mol at 280°C. The activation energy value at 280°C can indicate a decomposition process of zinc hydroxonitrate with two endothermic effects in the temperature range 200-300°C. This is proven by the presence of the maxima of the mass change curves characterized by m/z = 46, 30 (NO x ) and m/z = 18 (H 2 O) on the mass-thermograms at this temperature.
However, the activation energy for sol 3 (with the highest TEOS content) reaches a value of only 28 kJ/mol in the temperature range of 200-300°C which possibly indicates the destruction of physical bonds between the particles in the TEOS xerogel. In the presence of water, TEOS is known to form a sol which becomes a gel, then forms a xerogel upon drying. The xerogel particles approach and coalesce at contact. The decomposition temperature of zinc hydroxonitrate in this sample is shifted to the region of 350-500°C and has a maximum activation energy of 69 kJ/mol at 450°C. A comparative analysis of the temperature dependence of the energy state of the dried sol obtained from ethanol, water, zinc nitrate, and TEOS in the temperature range from 300 to 500°C allows the conclusion that the TEOS content in the system affects the decomposition process of the NO 3 -group. With an increase in the TEOS content in the ash, the decomposition temperature of zinc hydroxonitrate is shifted toward the higher temperatures of 390 and 440°C, and the activation energy of decomposition decreases to 57 kJ/mol. Such changes may also be related to the morphological features of the dried sols and the thermal effects that accompany the combustion reactions of the organic remains of the spatial grid.
As can be seen from Fig. 3 , the process of decomposition of all sols continues above 500°C and is characterized by a large number of energy characteristics that are poorly separated and difficult to explain, therefore they can be related to the oxidation of the decomposition products of the dried TEOS. TEOS decomposition results in the formation of hydrocarbons of various compositions, as well as organosilicon compounds, all of which are oxidized in air to form the final products of carbon dioxide and water. These reactions are characterized by exothermic effects, and the maximum of the exothermic effect is observed at temperatures of 750-850°C. Therefore, a large number of energy bursts characterizing the above reactions is observed in the temperature range of 500-900°C. At 900°C, the decomposition of dried sols based on ethanol, zinc nitrate, and TEOS and their decomposition products in the gas phase ends. dried sol decomposition processes that were related to the presence of a larger number of entrapped SiO 2 xerogel particles in the samples. This leads to the appearance of a parallel reaction (the separation of the stages of mass change is not observed on the TG curve) and a decrease in the activation energy of the decomposition of the zinc salt.
